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0DUN -� -DQVHQ

6(67� ,QF�

0LGGOHEXUJ +HLJKWV� 2KLR

:LOOLDP 5� -RQHV� -U� DQG 6WHSKHQ 9� 3HSSHU

1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ

*OHQQ 5HVHDUFK &HQWHU

&OHYHODQG� 2KLR

$%675$&7

0DQ\ PRYLQJ PHFKDQLFDO DVVHPEOLHV �00$V�

IRU VSDFH DSSOLFDWLRQV UHO\ RQ D VPDOO� LQLWLDO

FKDUJH RI OXEULFDQW IRU WKH HQWLUH PLVVLRQ

OLIHWLPH� RIWHQ LQ H[FHVV RI ILYH \HDUV� ,Q PDQ\

FDVHV� WKH SUHPDWXUH IDLOXUH RI D OXEULFDWHG

FRPSRQHQW FDQ UHVXOW LQ PLVVLRQ IDLOXUH� ,I

OXEULFDQW FRXOG EH UH�VXSSOLHG WR WKH FRQWDFW LQ�

VLWX� WKH OLIH RI WKH 00$ FRXOG EH H[WHQGHG� $

YDFXXP VSLUDO RUELW WULERPHWHU �627� ZDV

PRGLILHG WR DFFHSW D GHYLFH WR VXSSO\ UH�

OXEULFDWLRQ GXULQJ WHVWLQJ� ,W ZDV VXFFHVVIXOO\

GHPRQVWUDWHG WKDW D OLTXLG OXEULFDQW

�3HQQ]DQH�1\H ����$� FRXOG EH HYDSRUDWHG

LQWR D FRQWDFW GXULQJ RSHUDWLRQ� ORZHULQJ WKH

IULFWLRQ FRHIILFLHQW DQG WKHUHIRUH H[WHQGLQJ WKH

OLIH RI WKH V\VWHP�

,1752'8&7,21

0DQ\ PRYLQJ PHFKDQLFDO DVVHPEOLHV �00$V�

IRU VSDFH PHFKDQLVPV UHO\ RQ OLTXLG OXEULFDQWV

WR SURYLGH UHOLDEOH� ORQJ�WHUP SHUIRUPDQFH� 7KH

SURSHU SHUIRUPDQFH RI WKH 00$ LV FULWLFDO LQ

DVVXULQJ D VXFFHVVIXO PLVVLRQ� +LVWRULFDOO\�

PLVVLRQ OLIHWLPHV ZHUH VKRUW DQG 00$ GXW\

F\FOHV ZHUH PLQLPDO� $V PLVVLRQ OLIHWLPHV ZHUH

H[WHQGHG� RWKHU FRPSRQHQWV� VXFK DV EDWWHULHV

DQG FRPSXWHUV� IDLOHG EHIRUH OXEULFDWHG

V\VWHPV� +RZHYHU� LPSURYHPHQWV LQ WKHVH

DQFLOODU\ V\VWHPV RYHU WKH ODVW GHFDGH KDYH OHIW

WKH WULERORJLFDO V\VWHPV RI WKH 00$V DV WKH

OLPLWLQJ IDFWRU LQ GHWHUPLQLQJ VSDFHFUDIW

UHOLDELOLW\ >�@�

7\SLFDOO\� 00$V DUH LQLWLDOO\ OXEULFDWHG ZLWK D

VPDOO FKDUJH �PJ� WKDW LV VXSSRVHG WR ODVW WKH

HQWLUH PLVVLRQ OLIHWLPH� RIWHQ LQ H[FHVV RI ILYH

\HDUV� ,Q PDQ\ FDVHV� WKH SUHPDWXUH IDLOXUH RI D

OXEULFDWHG FRPSRQHQW FDQ UHVXOW LQ PLVVLRQ

IDLOXUH >�@�

7ULERORJLFDO IDLOXUH RI 00$V RFFXUV ZKHQ WKH

OXEULFDQW GHJUDGHV RU HYDSRUDWHV DQG WKHUHIRUH

ORVHV LWV DELOLW\ WR OXEULFDWH WULERORJLFDO FRQWDFWV�

EHDULQJ EDOOV FRQWDFWLQJ UDFHZD\V� IRU H[DPSOH�

6LQFH WKH 00$ LV VWLOO PHFKDQLFDOO\ LQWDFW ZKHQ

WKH OXEULFDQW GHJUDGHV� LI OXEULFDQW FRXOG EH UH�

VXSSOLHG WR WKH FRQWDFW� WKH OLIH RI WKH 00$

FRXOG EH H[WHQGHG� =DUHWVN\ >�@ UHYLHZV VRPH

RI WKH UHOXEULFDWLRQ V\VWHPV GHYHORSHG LQ WKH

SDVW� )RU KLJK�VSHHG EHDULQJV� FHQWULIXJDO RLOHUV

>�@� SRVLWLYH FRPPDQGDEOH OXEULFDWRUV >�@ DQG

ZLFN IHHG V\VWHPV >�@ KDYH EHHQ VWXGLHG�

2R]LQJ IORZ OXEULFDWRUV >�@ KDYH DOVR EHHQ

VXFFHVVIXO IRU KLJK�VSHHG V\VWHPV�

/XEULFDQW UHVHUYRLUV SURYLGH DQRWKHU PHDQV RI

OXEULFDQW UH�VXSSO\� EXW WKH\ DUH EXON\� DGG

FRPSOH[LW\� DQG FDQQRW EH DFWLYDWHG ZKHQ

QHHGHG� 5DWKHU� WKH\ FRQWLQXRXVO\ VXSSO\

OXEULFDQW WR WKH FRQWDFW� RIWHQ OHDGLQJ WR DQ

H[FHVV RI VXSSOLHG OXEULFDQW� 3RURXV UHWDLQHUV

WKDW KDYH EHHQ LPSUHJQDWHG ZLWK OXEULFDQW DUH

DOVR FRQVLGHUHG DV D VRXUFH >�@�

2Q GHPDQG� LQ�VLWX OXEULFDWLRQ SURYLGHV D VWHS

EHWZHHQ KDYLQJ QR DGGLWLRQDO OXEULFDQW DQG

ODUJH OXEULFDQW UHVHUYRLUV� 7KH LQ�VLWX OXEULFDWLRQ

GHYLFH �,6/'� LV D VPDOO UHVHUYRLU WKDW FDQ EH

UHPRWHO\ DFWLYDWHG WR HYDSRUDWH D PLQLPDO

FKDUJH RI OXEULFDQW LQWR WKH FRQWDFW ]RQH� $

VHQVRU FDQ EH DWWDFKHG WR WKH 00$ WR PRQLWRU

LWV KHDOWK� EHDULQJ WRUTXH RU PRWRU FXUUHQW� IRU

H[DPSOH� DQG� ZKHQ QHHGHG� DFWLYDWH WKH KHDWHU

RQ WKH ,6/'�
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7KH FRQFHSW RI LQWURGXFLQJ OXEULFDQW LQWR DQ

RSHUDWLQJ FRQWDFW ZDV ILUVW LQWURGXFHG E\ .DWR

HW DO� >�²��@� $ V\VWHP ZDV GHYHORSHG LQ RUGHU

WR FRPEDW WKH SUREOHP RI VROLG FRDWLQJ ZHDU�

7KH V\VWHP GHSRVLWHG D VROLG ILOP OXEULFDQW LQWR

D FRQWDFW ]RQH GXULQJ VOLGLQJ �SLQ�RQ�GLVN�

WKURXJK HYDSRUDWLRQ� $V IULFWLRQ LQFUHDVHG� WKH

V\VWHP FRXOG EH UHDFWLYDWHG DQG D QHZ FRDWLQJ

GHSRVLWHG� WKXV \LHOGLQJ D YLUWXDOO\ OLPLWOHVV

OLIHWLPH� 7HUPHG ¶WULER�FRDWLQJ�· WKLV V\VWHP

GHPRQVWUDWHG WKH DELOLW\ WR UH�OXEULFDWH D FRQWDFW

LQ�VLWX�

$GDFKL HW DO� >��@ DWWHPSWHG WZR W\SHV RI LQ�VLWX

FRDWLQJ XVLQJ WKH VROLG OXEULFDQW LQGLXP DQG D

SLQ�RQ�GLVN WHVW GHYLFH� 7KH ILUVW ZDV WR GHSRVLW

D FRDWLQJ RQ WKH SDUWV EHIRUH UXQQLQJ WKH WHVW�

7KLV ZDV WHUPHG ¶YDSRU GHSRVLWLRQ�· 7KH VHFRQG

ZDV WR GHSRVLW WKH FRDWLQJ ZKLOH WKH V\VWHP ZDV

RSHUDWLQJ� 7KLV LV FDOOHG ¶WULER�FRDWLQJ�· ,W ZDV

REVHUYHG WKDW WULER�FRDWLQJ KDG ORZHU IULFWLRQ

DQG ORQJHU OLIH WKDQ D YDSRU GHSRVLWHG FRDWLQJ�

7KH REMHFWLYH RI WKLV ZRUN ZDV WR WHVW WKH

IHDVLELOLW\ RI XVLQJ DQ LQ�VLWX HYDSRUDWLRQ V\VWHP

ZLWK D OLTXLG OXEULFDQW XQGHU XOWUD�KLJK YDFXXP

DQG LQ D ERXQGDU\ OXEULFDWHG� UROOLQJ FRQWDFW�

'HSRVLWLRQ RQ DQ XQOXEULFDWHG EDOO DQG UH�

OXEULFDWLRQ RI D EDOO ZLWK DQ LQLWLDO OXEULFDQW

FKDUJH ZDV VWXGLHG�

(;3(5,0(17$/

75,%20(7(5

$ YDFXXP VSLUDO RUELW WULERPHWHU �627� ZDV

XVHG IRU WKHVH H[SHULPHQWV DQG LV SLFWXUHG LQ

)LJXUH �� 7KH WULERPHWHU VLPXODWHV D WKUXVW

EHDULQJ� $ VLQJOH ���� PP GLDPHWHU EDOO LV

VDQGZLFKHG EHWZHHQ WZR IODW SODWHV WKDW

VLPXODWH UDFHZD\V� 7KH ORZHU SODWH LV IL[HG

ZKLOH WKH WRS SODWH LV URWDWHG� 'XULQJ URWDWLRQ�

WKH EDOO PRYHV LQ D VSLUDO RUELW WKDW LV GLUHFWO\

UHODWHG WR WKH IULFWLRQ FRHIILFLHQW� $ WKLUG SODWH�

FDOOHG WKH JXLGH SODWH� LV XVHG WR UHWXUQ WKH EDOO

WR LWV RULJLQDO RUELW GLDPHWHU RQFH SHU UHYROXWLRQ�

7KH IRUFH WKH EDOO H[HUWV RQ WKH JXLGH SODWH LV

PHDVXUHG DQG WKH IULFWLRQ FRHIILFLHQW FDQ EH

FDOFXODWHG� 7KH WULERPHWHU LV IXUWKHU GHVFULEHG

LQ 5HIHUHQFH �� DQG LWV SUHYLRXV XVDJHV DSSHDU

LQ 5HIHUHQFHV �� WR ���

7KH FRQWDFW UHVLVWDQFH EHWZHHQ WKH EDOO DQG

WZR SODWHV LV DOVR PHDVXUHG� 7KLV LV D JRRG

LQGLFDWRU LI D ILOP RU IULFWLRQ SRO\PHU LV SUHVHQW�

'XULQJ ERXQGDU\ OXEULFDWLRQ RU D QRQ�OXEULFDWHG

FRQWDFW� WKH UHVLVWDQFH LV QHDU ]HUR� $V D ILOP RU

IULFWLRQ SRO\PHU OD\HU GHYHORSV WKH UHVLVWDQFH

LQFUHDVHV� $V WKLV OD\HU LV ZRUQ DZD\� WKH

UHVLVWDQFH UHWXUQV WR ]HUR�

7KH WHVWV ZHUH SHUIRUPHG XQGHU XOWUD�KLJK

YDFXXP ������ 3D�� 7KH EDOO� SODWHV� DQG JXLGH

SODWH ZHUH PDGH IURP $,6, ���& VWDLQOHVV VWHHO�

D FRPPRQ PDWHULDO IRU EHDULQJV XVHG LQ VSDFH

DSSOLFDWLRQV� 7KH SODWHV ZHUH SROLVKHG WR DQ

DYHUDJH VXUIDFH URXJKQHVV �5D� RI ���� µP�

7KH EDOO ZDV JUDGH ���

/8%5,&$17

7KH OLTXLG OXEULFDQW XVHG LV DQ XQIRUPXODWHG

V\QWKHWLF K\GURFDUERQ �PXOWLSO\ DON\ODWHG

F\FORSHQWDQH�� ,W LV PDUNHWHG DV 3HQQ]DQH
�1\H ����$�� ,W LV IXOO\ GHVFULEHG LQ 5HIHUHQFH

>��@�

6$03/( 35(3$5$7,21

7KH EDOO� GLVNV� DQG JXLGH SODWH ZHUH

VHTXHQWLDOO\ FOHDQHG IRU ILYH PLQXWHV HDFK LQ

XOWUDVRQLF EDWKV RI KH[DQH� PHWKDQRO� DQG

GLVWLOOHG ZDWHU� 7KH\ ZHUH WKHQ 89�2]RQH

FOHDQHG >��@ IRU �� PLQXWHV WR UHPRYH UHVLGXDO

RUJDQLF UHVLGXH�

/8%5,&$17 $33/,&$7,21

$FFHOHUDWHG WHVWLQJ LV DFKLHYHG E\ OLPLWLQJ WKH

DPRXQW RI DYDLODEOH OXEULFDQW� 'XULQJ WKH WHVW�

WKH OXEULFDQW LV FRQWLQXRXVO\ FRQVXPHG DQG

HYHQWXDOO\ WKH ODFN RI OXEULFDQW OHDGV WR DQ

LQFUHDVH LQ WKH IULFWLRQ FRHIILFLHQW� )DLOXUH LV

GHILQHG DV ZKHQ WKH IULFWLRQ FRHIILFLHQW H[FHHGV

VRPH SUHGHWHUPLQHG YDOXH� QRUPDOO\ ����� DQG

WKH WHVW LV VKXWGRZQ� ,Q D VWDQGDUG WHVW� WKH EDOO

LV OXEULFDWHG ZLWK DSSUR[LPDWHO\ �� µJ EHIRUH

WKH WHVW EHJLQV� 2QO\ WKH EDOO LV OXEULFDWHG�

)RU WKH LQ�VLWX OXEULFDWLRQ WHVWV� WKH 627 ZDV

PRGLILHG �)LJXUH �� ZLWK D KHDWHU DQG FROOLPDWRU�

7KH KHDWHU FXS FRQWDLQHG D GURS RI OLTXLG

3HQQ]DQH �1\H ����$�� :KHQ WKH IULFWLRQ
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EHJDQ WR ULVH DERYH D VWHDG\ VWDWH YDOXH� WKH

KHDWHU ZDV WXUQHG RQ DQG OXEULFDQW HYDSRUDWHG�

7KH KHDWHU FXS FRQVXPHG �� WR �� ZDWWV RI

SRZHU GXULQJ WKHVH HYDSRUDWLRQV� 7KH FROOLPDWRU

DOORZHG HYDSRUDQW WR UHDFK RQO\ WKH ZHDU WUDFN

RQ WKH URWDWLQJ XSSHU SODWH DQG SUHYHQWHG LWV

XQGHVLUDEOH GHSRVLWLRQ HOVHZKHUH LQ WKH

FKDPEHU� 2QFH WKH SURSHU HYDSRUDWLRQ

WHPSHUDWXUH �a����&� RI WKH KHDWHU FXS ZDV

UHDFKHG� WKH WHPSHUDWXUH ZDV PDLQWDLQHG XQWLO

WKH IULFWLRQ FRHIILFLHQW GURSSHG EHORZ WKH

GHVLUHG OHYHO�

7(67,1*

)RU WKH ILUVW WHVW� WKH EDOO ZDV XQOXEULFDWHG DW WKH

RQVHW RI WKH WHVW� 7KH WHVW ZDV VWDUWHG DW D ORZ

PHDQ +HUW]LDQ VWUHVV ���� *3D� DQG WKH LQ�VLWX

OXEULFDWLRQ GHYLFH �,6/'� ZDV WXUQHG RQ� 7KH

,6/' ZDV OHIW RQ XQWLO WKH IULFWLRQ GURSSHG WR WKH

YDOXH ������ WKDW LV VHHQ ZLWK D QRUPDOO\

OXEULFDWHG EDOO� 7KH PHDQ +HUW]LDQ FRQWDFW

VWUHVV ZDV WKHQ LQFUHDVHG WR ��� *3D� 7KH WHVW

ZDV DOORZHG WR UXQ XQWLO WKH IULFWLRQ FRHIILFLHQW

H[FHHGHG �����

)RU WKH VHFRQG WHVW� WKH EDOO ZDV DOVR

XQOXEULFDWHG DW WKH EHJLQQLQJ RI WKH WHVW� 7KH

VDPH LQLWLDO OXEULFDQW GHSRVLWLRQ DV LQ WHVW � ZDV

SHUIRUPHG� 2QFH WKH SURSHU IULFWLRQ FRHIILFLHQW

������ ZDV REWDLQHG� WKH PHDQ +HUW]LDQ VWUHVV

ZDV DJDLQ LQFUHDVHG WR ��� *3D� 7KH WHVW ZDV

DOORZHG WR UXQ XQWLO WKH IULFWLRQ FRHIILFLHQW

H[FHHGHG ����� $W WKLV WLPH� WKH ,6/' ZDV UH�

DFWLYDWHG DQG D VHFRQG GHSRVLWLRQ WRRN SODFH

DQG WKH IULFWLRQ UHWXUQHG WR ����� 7KH WHVW OLPLW

ZDV DJDLQ VHW DW ����� EXW ZDV PDQXDOO\

VKXWGRZQ VLQFH WKH FRHIILFLHQW RI IULFWLRQ GLG QRW

H[FHHG ���� GXULQJ WKH WHVW�

)RU WKH WKLUG WULDO� WKH EDOO ZDV LQLWLDOO\ OXEULFDWHG

ZLWK �� µJ DV LQ D VWDQGDUG WHVW� 7KH WHVW ZDV

VWDUWHG ZLWK D PHDQ +HUW]LDQ VWUHVV OHYHO RI

��� *3D� :KHQ WKH IULFWLRQ H[FHHGHG ����� WKH

,6/' ZDV WXUQHG RQ DQG UH�GHSRVLWHG D

OXEULFDQW FKDUJH� 7KLV ZDV UHSHDWHG VL[ WLPHV

DQG WKHQ WKH WHVW ZDV PDQXDOO\ VKXWGRZQ�

5(68/76

7KH IULFWLRQ WUDFH DQG UHVLVWDQFH SURILOH IRU WKH

WHVWV FDQ EHHQ VHHQ LQ )LJXUHV � WR �� 7HVW �

GHPRQVWUDWHG WKDW D OLTXLG OXEULFDQW FRXOG

VXFFHVVIXOO\ EH GHSRVLWHG XVLQJ DQ HYDSRUDWLRQ

WHFKQLTXH� 'XULQJ WKLV WHVW� DQ LQLWLDO IULFWLRQ

FRHIILFLHQW RI a���� ZDV REWDLQHG� 7KLV

FRUUHODWHG ZHOO ZLWK SUHYLRXV 627 H[SHULPHQWV

>�@ ZKHUH WKH EDOO ZDV SUH�OXEULFDWHG� 7KH VORZO\

LQFUHDVLQJ IULFWLRQ GXULQJ WKH WHVW DOVR PLPLFNHG

WKDW RI D QRUPDO WHVW� 1RUPDOL]HG OLIHWLPHV

�RUELWV�µJ� SUHYLRXVO\ REWDLQHG E\ WKH 627

FRXOG QRW EH FRPSDUHG VLQFH WKH DPRXQW RI

OXEULFDQW RQ WKH EDOO ZDV XQNQRZQ�

7HVW � VXFFHVVIXOO\ GHPRQVWUDWHG WKDW UH�

OXEULFDWLRQ RI D FRQWDFW WKDW ZDV EHJLQQLQJ WR IDLO

ZDV SRVVLEOH�

7HVW � ZDV WKH FORVHVW UHSUHVHQWDWLRQ RI D UHDO

EHDULQJ DSSOLFDWLRQ� 'XULQJ WKLV WHVW� WKH EDOO

ZDV LQLWLDOO\ OXEULFDWHG DQG UXQ DW IXOO FRQWDFW

VWUHVV� $V WKH IULFWLRQ FRHIILFLHQW LQFUHDVHG� WKH

,6/' ZDV DFWLYDWHG DV QHHGHG WR UH�OXEULFDWH

WKH FRQWDFW VHYHUDO WLPHV� 8VLQJ WKLV WHFKQLTXH�

D OLIHWLPH IDU LQ H[FHVV RI DQ\ SUHYLRXV WHVW ZDV

REWDLQHG�

',6&866,21

6LQFH LW ZDV QRW NQRZQ KRZ PXFK 3HQQ]DQH

ZRXOG EH HYDSRUDWHG� WKH OHQJWK RI WLPH WKH

KHDWHU ZDV RQ YDULHG IURP GHSRVLWLRQ WR

GHSRVLWLRQ� 7KH WLPH UDQJHG IURP �� VHF WR

� PLQXWH� $OVR� WKH WHPSHUDWXUH FRQWURO ZDV

GRQH PDQXDOO\� 7KH WDUJHW WHPSHUDWXUH IRU

HYDSRUDWLRQ ZDV ����&� EXW WKHUH ZDV VRPH

YDULDQFH �����&�� 7KHVH WZR IDFWRUV DFFRXQW IRU

WKH YDULDELOLW\ LQ OLIHWLPH EHWZHHQ WKH YDULRXV LQ�

VLWX GHSRVLWHG OXEULFDQW F\FOHV�

$V D SUHFXUVRU WR IDLOXUH� WKH HOHFWULFDO

UHVLVWDQFH LQFUHDVHG� 7KLV LV HVSHFLDOO\

QRWLFHDEOH LQ 7HVW �� ,W LV EHOLHYHG WKDW WKH

UHVLVWDQFH LV DQ LQGLFDWLRQ WKDW D IULFWLRQ SRO\PHU

LV IRUPLQJ DV WKH OXEULFDQW GHJUDGHV�

([DPLQDWLRQ RI WKH GLVNV DIWHU WHVW FRQFOXVLRQ

UHYHDOHG WKDW WKHUH ZDV D VXEVWDQWLDO DPRXQW RI

UHVLGXH RQ WKH GLVNV�

/XEULFDWHG PHFKDQLVPV HQDEOH VXFFHVVIXO

RSHUDWLRQ RI DOO VSDFHFUDIW� 7KHVH RSHUDWLRQV

LQFOXGH� VFDQQLQJ� VSHFWUDO VHOHFWLRQ� VHQVRU

DOLJQPHQW� VWDU DQG VXQ WUDFNLQJ� DQG DWWLWXGH

FRQWURO� $OPRVW DOO RI WKHVH PHFKDQLVPV DUH

´OXEULFDWHG IRU OLIHµ XSRQ ODXQFK DQG DUH QRW

DFFHVVLEOH RQFH LQ VSDFH� 7KH RQO\ H[FHSWLRQV
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DUH ORZ HDUWK RUELWLQJ DSSOLFDWLRQV VXFK DV WKH

,QWHUQDWLRQDO 6SDFH 6WDWLRQ DQG WKH +XEEOH

6SDFH 7HOHVFRSH� 7KHVH ODWWHU DSSOLFDWLRQV DUH

YLVLWHG E\ WKH VSDFH VKXWWOH DQG FRPSRQHQWV

FDQ XVXDOO\ EH UHSODFHG YLD DQ H[WUD YHKLFXODU

DFWLYLW\ �(9$��

+RZHYHU� LQ PRVW FDVHV� D FRPSRQHQW EHDULQJ

IDLOXUH ZLOO UHVXOW LQ D GHJUDGDWLRQ RI IXQFWLRQ�

ZKLFK PD\ UHSUHVHQW D VLQJOH SRLQW IDLOXUH� 7KLV�

LQ WXUQ� FDQ OHDG WR PLVVLRQ IDLOXUH� 9DVW

LPSURYHPHQWV LQ VSDFHFUDIW GHVLJQ KDYH QRZ

H[SRVHG WKH OXEULFDWHG FRPSRQHQWV WR EH WKH

ZHDN OLQN LQ DWWDLQLQJ PLVVLRQ REMHFWLYHV�

1RUPDOO\� OXEULFDWHG EHDULQJV LQ VSDFH GR QRW

ZHDU RXW LQ WKH FODVVLF VHQVH� EXW UDWKHU

FRQVXPH DOO DYDLODEOH OXEULFDQW UHVXOWLQJ LQ KLJK

WRUTXHV WKDW HYHQWXDOO\ H[FHHG WKH GULYLQJ

PHFKDQLVP·V FDSDELOLW\� /LTXLG OXEULFDWHG

V\VWHPV FDQ VXUYLYH IRU PDQ\ \HDUV RQ DQ

DVWRQLVKLQJO\ VPDOO DPRXQW RI OXEULFDQW� )RU

H[DPSOH� .LQJVEXU\ >��@ KDV VKRZQ WKDW WKH

VSLQ D[LV EHDULQJV LQ D ODUJH &RQWURO 0RPHQW

*\URVFRSH �&0*� FRXOG EH HIIHFWLYHO\

OXEULFDWHG ZLWK DERXW �� PLFURJUDPV RI OXEULFDQW

SHU KRXU�

$ VPDOOHU EHDULQJ FDUWULGJH ���� VL]H� IXOO

FRPSOHPHQW� ZDV RSHUDWHG IRU ��� GD\V LQ

YDFXXP DW ������ 530� >��@� 2QO\ DERXW ��� RI

WKH RULJLQDO UHVHUYRLU DPRXQW RI OXEULFDQW ZDV

FRQVXPHG �DERXW ��� JUDPV�� 7KLV UHSUHVHQWV

DERXW ��� PLFURJUDPV SHU KRXU� +RZHYHU�

FDOFXODWLRQV >��@ KDYH VKRZQ WKDW RQO\

��� PLFURJUDPV SHU KRXU DUH QHHGHG IRU VWHDG\

VWDWH RSHUDWLRQ�

2I FRXUVH� WKHVH FDOFXODWLRQV DUH IRU D

FRQWLQXRXV IORZ LQWR WKH EHDULQJ� )RU D

FRQYHQWLRQDO VPDOO LQVWUXPHQW EHDULQJ LQ D

VSDFH PHFKDQLVP �VXFK DV WKH *2(6 ILOWHU

ZKHHO� >��@� DQ LQLWLDO FKDUJH RI �� PJ LV DGGHG

DW EXLOGXS� $GGLWLRQDO OXEULFDQW LV LPSUHJQDWHG

LQWR WKH SRURXV UHWDLQHU� +RZHYHU� LW LV XQOLNHO\

WKDW DQ\ RI WKH OXEULFDQW LQ WKH UHWDLQHU LV

DYDLODEOH IRU XVH� ,Q IDFW� SRURXV UHWDLQHUV KDYH

EHHQ VKRZQ WR DFW DV VSRQJHV UDWKHU WKDQ

VXSSOLHUV RI OXEULFDQW >��@�

$VVXPLQJ WKDW WKLV EHDULQJ ZRXOG RQO\ UHTXLUH

��� PLFURJUDPV SHU KRXU IRU QRPLQDO RSHUDWLRQ

DQG WKDW DOO RI WKLV FKDUJH ZDV DYDLODEOH IRU XVH�

�� PJ ZRXOG WKHRUHWLFDOO\ DOORZ IRU RYHU

�� \HDUV RI RSHUDWLRQ� 2I FRXUVH� WKHUH DUH

RWKHU ORVV PHFKDQLVPV LQ D EHDULQJ� LQFOXGLQJ

HYDSRUDWLRQ DQG FUHHS� (YDSRUDWLRQ ORVVHV FDQ

EH HVWLPDWHG EXW FUHHS ORVVHV FDQQRW�

7KHUHIRUH� VPDOO DGGLWLRQV RI OXEULFDQW ´RQ

GHPDQGµ FRXOG HIIHFWLYHO\ SURORQJ EHDULQJ OLIH

LQGHILQLWHO\� 7KLV KDV EHHQ GHPRQVWUDWHG LQ WKH

FXUUHQW ZRUN�

2I FRXUVH� OXEULFDQW HYDSRUDWLRQV ZLOO UHTXLUH DQ

H[SHQGLWXUH RI HQHUJ\ WKDW LV XVXDOO\ LQ VKRUW

VXSSO\ LQ VSDFH PHFKDQLVPV� 7KXV� HYHU\ HIIRUW

ZLOO KDYH WR EH PDGH WR PLQLPL]H WKH HQHUJ\

UHTXLUHG E\ WKH KHDWHU GXULQJ HYDSRUDWLRQ�

$OWKRXJK QR HIIRUW ZDV PDGH ZLWK WKH SUHVHQW

DSSDUDWXV WR PLQLPL]H HQHUJ\ FRQVXPSWLRQ�

PLQLDWXUL]DWLRQ RI WKH KHDWHU DQG LWV LQWHJUDWLRQ

LQWR D EHDULQJ KRXVLQJ VKRXOG DOORZ IRU

RSHUDWLRQ DW PXFK ORZHU HQHUJ\ FRQVXPSWLRQ

UDWHV�

6800$5< 2) 5(68/76

• $Q LQ�VLWX OXEULFDWLRQ GHYLFH IRU OLTXLG

OXEULFDQWV ZDV VXFFHVVIXOO\ GHPRQVWUDWHG�

• 7KH DELOLW\ RI D OLTXLG OXEULFDQW WR UH�OXEULFDWH

D FRQWDFW WKDW ZDV DSSURDFKLQJ IDLOXUH

�KLJKHU IULFWLRQ� ZDV DOVR GHPRQVWUDWHG�

• $ IULFWLRQ FRHIILFLHQW FRPSDUDEOH WR D

´QRUPDOO\µ OXEULFDWHG EDOO FDQ EH REWDLQHG

ZLWK DQ LQ�VLWX V\VWHP�

&21&/86,21

,Q�VLWX OLTXLG OXEULFDWLRQ LQ YDFXXP LV IHDVLEOH

DQG VKRXOG EH LQFRUSRUDWHG LQ IXOO�VFDOH

EHDULQJV IRU ORQJ�OLYHG VSDFH PHFKDQLVPV�

5()(5(1&(6

1.  )OHLVKDXHU� 3�'�� DQG +LOWRQ� 0�5�� ´$VVHVVPHQW
RI WKH 7ULERORJLFDO 5HTXLUHPHQWV RI $GYDQFHG
6SDFHFUDIW 0HFKDQLVPV�µ $HURVSDFH &RUS�� (O
6HJXQGR� &$� 5HSRUW 1R� 72)²���� ������²���
�����

2.  -RQHV� :�5� -U�� DQG -DQVHQ� 0�-�� ´6SDFH
7ULERORJ\�µ 0RGHUQ 7ULERORJ\ +DQGERRN 9RO� ,,�
SS� ����²����� &5& 3UHVV� 1HZ <RUN� �����

3.  =DUHWVN\� (�9�� ´/LTXLG /XEULFDWLRQ LQ 6SDFH�µ
7ULERO� ,QW�� ��� �� SS� ��²��� �����
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4.  *ODVVRZ� )�$�� ´$VVXUDQFH RI /XEULFDQW 6XSSO\
LQ :HW�OXEULFDWHG 6SDFH %HDULQJ�µ 3URF� ��WK
$HUR� 0HFK� 6\PS�� 1$6$ &5²������� SS� ��²
���� �����

5.  -DPHV� *�(�� ´3RVLWLYH &RPPDQGDEOH 2LOHU IRU
6DWHOOLWH %HDULQJ /XEULFDWLRQ�µ 3URF� ��WK $HUR�
0HFK� 6\PS�� 1$6$ 70²������ SS� ��²���
�����

6.  /RHZHQWKDO� 6�+�� 6FLEELH� +�:�� 3DUNHU� 5�-��
DQG =DUHWVN\� (�9�� ´2SHUDWLQJ &KDUDFWHULVWLFV
RI D ���� N:�KU )O\ZKHHO (QHUJ\ 6WRUDJH
0RGXOH�µ 3URF� ��WK ,QWHUVRFLHW\ (QHUJ\ &RQY�
(QJU� &RQI�� SS� ���²���� �����

7.  .LQJVEXU\� (�3�� +DQVRQ� 5�$�� -RQHV� :�5��
DQG 0RKU� 7�:�� ´&DUWULGJH %HDULQJ 6\VWHP IRU
6SDFH $SSOLFDWLRQV�µ 3URF� ��UG $HUR� 0HFK�
6\PS�� 1$6$�&3³������������ SS� ���²����
�����

8.  0DUFKHWWL� 0�� 0HXULVVH� 0�+�� 9HUJQH� 3��
6LFUH� -�� DQG 'XUDQG� 0�� ´/XEULFDQW 6XSSO\ E\
3RURXV 5HVHUYRLUV LQ 6SDFH 0HFKDQLVPV�µ 3URF�
��WK /HHGV�/\RQ 6\PS�� /HHGV� 8.� SS� ���²
���� �����

9.  .DWR� .�� )XUX\DPD� +�� DQG 0L]XPRWR� 0�� ´7KH
)XQGDPHQWDO 3URSHUWLHV RI 7ULER�&RDWLQJ )LOPV
LQ 8OWUD�KLJK 9DFXXP�µ 3URF� -DSDQ ,QWHUQ� 7ULER�
&RQI�� 1DJR\D� -DSDQ� SS� ���²���� �����

10.  $GDFKL� .�� DQG .DWR� .�� ´7ULER�&RDWLQJ LQ 8OWUD�
KLJK 9DFXXP�µ 3URF� ��WK -60( 6SULQJ $QQ�
0HHW�� SS� ���²���� �����

11.  .DWR� .�� .LP� +�� $GDFKL� .�� DQG )XUX\DPD� +��
´%DVLF 6WXG\ RI /XEULFDWLRQ E\ 7ULER�&RDWLQJ IRU
6SDFH 0DFKLQHV�µ 7UDQ� -DSDQ 6RFL� RI 0HFK�
(QJLQ�� ��� ���� SS� ����²����� �����

12.  $GDFKL� .�� .DWR� .�� DQG 2\DPDGD� 7�� µ7ULER�
&RDWLQJ IRU )ULFWLRQ &RQWURO LQ 8OWUD +LJK
9DFXXP�µ ,QWHU� 6\PS� IRU +LJK 3HUI� 7ULER��
7DHJX� .RUHD� SS� ��²��� 0D\ ��²��� �����

13.  3HSSHU� 6�9�� .LQJVEXU\� (�� DQG (ELKDUD� %�7��
´$ 5ROOLQJ (OHPHQW 7ULERPHWHU IRU WKH 6WXG\ RI
/LTXLG /XEULFDQWV LQ 9DFXXP�µ 1$6$ 73²�����
2FWREHU �����

14.  .LQJVEXU\� (�� ´(YDOXDWLRQ RI WKH 1$6$ %DOO 2Q
3ODWH 7ULERPHWHU DV DQ $QJXODU &RQWDFW %DOO
%HDULQJ�µ 3URF� ,QWHU� 5ROOLQJ (OHPHQW %HDULQJ
6\PS�� 5(%*� 2UODQGR� )/� $SULO ��²��� �����

15.  3HSSHU� 6�9�� DQG .LQJVEXU\� (�� ´'HVWUXFWLRQ RI
)RPEOLQ =��� E\ 'LIIHUHQW %HDULQJ 0HWDOV�µ 3URF�
,QWHU� 5ROOLQJ� (OHPHQW %HDULQJ 6\PS�� 5(%*�
2UODQGR� )/� $SULO ��²��� �����

16.  -DQVHQ� 0�-�� -RQHV� :�5�� -U�� :KHHOHU� '�5��
DQG .HOOHU� '�-�� ´(YDOXDWLRQ RI 1RQ�2]RQH�
'HSOHWLQJ�&KHPLFDO &OHDQLQJ 0HWKRGV IRU
6SDFH 0HFKDQLVPV 8VLQJ D 9DFXXP 6SLUDO
2UELW 5ROOLQJ &RQWDFW 7ULERPHWHU�µ 1$6$�70³
������������ 0D\ �����

17.  9HQLHU� &�*�� DQG &DVVHUO\� (�:�� ´0XOWLSO\
$ON\ODWHG &\FORSHQWDQHV �0$&V�� $ 1HZ &ODVV
RI 6\QWKHVL]HG +\GURFDUERQ )OXLGV�µ /XEU�
(QJU�� ��� �� SS� ���²���� �����

18.  9LJ� -�5�� ´89�2]RQH &OHDQLQJ RI 6XUIDFHV�µ -�
9DF� 6FL� 7HFKQRO� $�� �� SS� ����²�����
0D\�-XQH �����

19.  .LQJVEXU\� (�� ´/DUJH %HDULQJ 2SHUDWLRQ :LWKRXW
5HWDLQHU�µ /XEU� (QJU�� ��� �� SS� ���²����
�����

20.  -RQHV� :�5�� -U�� 6KRJULQ� %�$�� DQG .LQJVEXU\�
(�3�� ´/RQJ 7HUP 3HUIRUPDQFH RI D 5HWDLQHUOHVV
%HDULQJ &DUWULGJH ZLWK DQ 2R]LQJ )ORZ
/XEULFDWRU IRU 6SDFHFUDIW $SSOLFDWLRQV�µ 3URF�
,QW� 5ROOLQJ (OHPHQW %HDULQJ 6\PS�� 2UODQGR�
)/� $SULO ��²��� �����

21.  .LQJVEXU\� (�� ´&URVV )ORZ LQ D 6WDUYHG (+'
&RQWDFW�µ $6/( 7UDQV�� ��� �� SS� ���²����
�����

22.  -DQVHQ� 0�-�� -RQHV� :�5�� -U�� 3HSSHU� 6�9��
3UHGPRUH� 5�(�� DQG 6KRJULQ� %�$�� ´(+/
7UDQVLWLRQ 7HPSHUDWXUH 0HDVXUHPHQWV RQ D
*HRVWDWLRQDU\ 2SHUDWLRQDO (QYLURQPHQWDO
6DWHOOLWH �*2(6� )LOWHU :KHHO %HDULQJ�µ
1$6$�70³������������ �����

23.  %HUWUDQG� 3�$�� ´2LO $EVRUSWLRQ LQWR &RWWRQ�
3KHQROLF 0DWHULDO�µ -� 0DWHU� 5HV�� � ����
SS� ����²����� �����
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)LJXUH � ² 7KH 6SLUDO 2UELW 7ULERPHWHU �627��

)LJXUH � ² 627 PRGLILHG ZLWK LQ�VLWX OXEULFDWLRQ GHYLFH� 7RS SODWH URWDWHG XSZDUGV IRU EHWWHU YLHZ�
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)LJXUH � ² )ULFWLRQ &RHIILFLHQW DV D IXQFWLRQ RI EDOO RUELW IRU LQ�VLWX WHVW ��

)LJXUH � ² $YHUDJH UHVLVWDQFH DV D IXQFWLRQ RI EDOO RUELW IRU LQ�VLWX WHVW ��
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)LJXUH � ² )ULFWLRQ FRHIILFLHQW DV D IXQFWLRQ RI EDOO RUELW IRU LQ�VLWX WHVW ��

)LJXUH � ² $YHUDJH UHVLVWDQFH DV D IXQFWLRQ RI EDOO RUELW IRU LQ�VLWX WHVW ��
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)LJXUH � ² )ULFWLRQ FRHIILFLHQW DV D IXQFWLRQ RI EDOO RUELW IRU LQ�VLWX WHVW ��

)LJXUH � ² $YHUDJH UHVLVWDQFH DV D IXQFWLRQ RI EDOO RUELW IRU LQ�VLWX WHVW ��
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Many moving mechanical assemblies (MMAs) for space applications rely on a small, initial charge of lubricant for the
entire mission lifetime, often in excess of five years. In many cases, the premature failure of a lubricated component can
result in mission failure. If lubricant could be resupplied to the contact in-situ, the life of the MMA could be extended.
A vacuum spiral orbit tribometer (SOT) was modified to accept a device to supply re-lubrication during testing. It was
successfully demonstrated that a liquid lubricant (Pennzane®/Nye 2001A) could be evaporated into a contact during
operation, lowering the friction coefficient and therefore extending the life of the system.


